A new procedure for the determination of mercury(II), copper(II), lead(II), cadmium(II) and zinc(II) traces in food matrices by square wave anodic stripping voltammetry and standard addition method is proposed. A rapid, inexpensive and multi-analyte analytical method suitable for food safety control is provided. Comestible vegetables were chosen as samples. A two-step, sequential determination was defined, employing two working electrodes: a gold electrode (GE) for mercury(II) and copper(II), and subsequently a hanging mercury drop electrode (HMDE) for copper(II), lead(II), cadmium(II) and zinc(II). No sample pre-treatment was needed. Spinach leaves, tomato leaves and apple leaves were employed as standard reference materials to optimize and defined the analytical procedure.
Introduction
Anthropic activities cause persistent toxic substances to accumulate in the environment and this is increasingly detrimental to safety. Toxic metals are among the most deleterious pollutants because they tend to concentrate in all environmental matrices, in particular those involved in the food chain where the consequences on human health may be irreversible [1] [2] [3] [4] [5] [6] . For this reason, great attention must be focused on pollutant concentrations and, as part of the food chain, vegetables can play an important role as bio-monitors [7] [8] [9] . It is important to ensure that such toxic substances are kept below the levels set by current law although, to date, European legislation has only set vegetable concentration limits [10] for lead and cadmium [Pb: 0.1 µg g -1 and Cd: 0.050 µg g -1 (fresh weight)]. Moreover, it is evident that the concentration levels for these metals must be detectable, i.e., higher than the relevant detection limits of the analytical procedure employed.
Among the already assessed instrumental techniques, spectroscopy is the one most widely used to determine toxic metals in vegetables [11] [12] [13] [14] [15] [16] [17] [18] . The alternatives, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [9] or Instrumental Neutron Activation Analysis (INAA) [19] are seldom used. Electroanalytical methods are rarely proposed [20] [21] [22] [23] [24] ; moreover, they latter are generally limited to lead and cadmium. Among toxic metals, the most dangerous for human health and wildlife are Hg(II), Cu(II), Pb(II), Cd(II) and Zn(II) since they are frequently found in the chemical compounds (pesticides and fertilisers) employed in agricultural treatments prior to harvest.
The present methodological work is the final step of a study relevant to the determination of metals in food matrices [25] . It describes the possibility of setting up an analytical procedure for the sequential determination of
Central European Journal of Chemistry
Voltammetric method for ultra-trace determination of total mercury and toxic metals in vegetables. Comparison with spectroscopy trace toxic metals, such as Hg(II), Cu(II), Pb(II), Cd(II) and Zn (II) , that may be present in food matrices of great interest, such as vegetables. The present work proposes a new, innovative analytical procedure for a two-step, sequential determination of trace and ultra-trace level concentrations of Hg(II), Cu(II), Pb(II), Cd(II) and Zn(II) in vegetables. Indeed, the use of voltammetry for the determination of Hg(II) in vegetables is proposed here for the first time. This method involves two different working electrodes: Hg(II) and Cu(II) are measured using a gold electrode (GE) and subsequently Cu(II), Pb(II), Cd(II) and Zn(II) are measured using a hanging mercury drop electrode (HMDE), employing 0.01 mol L -1 EDTA-Na 2 + 0.06 mol L -1 NaCl + 2.0 mol L -1 HClO 4 as supporting electrolyte. The electrochemical approach offers some advantages over atomic absorption spectroscopy. It is certainly a valid analytical technique, very simple and suitable for metal determinations in multicomponent complex matrices such as vegetables. In fact it shows good precision, accuracy and selectivity, and in particular allows the determination of Hg(II), Cu(II), Pb(II), Cd(II), Zn(II) to be carried out simultaneously. It presents also a satisfactorily high sensitivity, allowing one to obtain very low limits of detection. Moreover, it does not require enrichment steps, like solvent extraction, or any particular sample pre-treatments.
For this reason, it may be a good alternative to spectroscopic techniques, which, in the case of determination of metals in complex matrices, needs very expensive equipment like Inductively Coupled Plasma (ICP) -or better Inductively Coupled Plasma/Mass Spectrometry (ICP/MS) -since Electrothermal Atomic Absorption Spectrometry yields inadequate limits of detection to determine the very low concentrations of metals present in environmental matrices [26] . However, it is important to underline the fact that, though both ICP and ICP/MS permit multi-element determination, a further advantage in using voltammetry is certainly the equipment-related costs: very low in the case of voltammetry, extremely high in the case of ICP and ICP/ MS, in the latter case as much as 25-30 times higher.
Cold Vapour (CV-AAS) and Electrothermal Atomic Absorption Specroscopy (ET-AAS) were chosen as comparison technique\s because of their wellestablished and tested robustness [27] [28] [29] .
Experimental procedure

Apparatus
All voltammetric scans were performed using a Multipolarograph AMEL (Milan, Italy) Mod. 433. Two conventional three-electrode measuring cells were employed, each using an Ag|AgCl|KCl satd. reference electrode and a platinum-wire auxiliary electrode. The working electrodes were a gold electrode (GE) (surface area: 0.785 mm 2 , AMEL, Milan), pre-activated and cleaned after measurement following the procedure suggested by Bonfil et al. [30] , and a hanging mercury drop electrode (HMDE). The supporting electrolyte was 0.01 mol L -1 EDTA-Na 2 + 0.06 mol L -1 NaCl + 2.0 mol L -1 HClO 4 . Relevant experimental conditions for both electrodes are reported in Table 1 . In the case of the GE, special conditions were applied to deal with a well-known problem affecting this electrode stemming from anions in the solution: anions strongly adsorb onto gold surfaces [31] and this adsorption depends on both the potential of the electrode and the nature of the anion. As indicated by Salaun and van den Berg [32] , to minimize the effect of excessive adsorption and obtain higher voltammetric peaks and flatter voltammetric baseline, a negative desorption potential of -0.8 V/ Ag|AgCl|KCl satd. was applied for 30 s (desorption time) between the deposition step and the stripping step. It has been shown that, at this potential, Cl -, Br -, I -and SO 4 2-do not adsorb on the gold electrode [31, 33] .
Before taking measurements, the Teflon voltammetric cell was rinsed with suprapure concentrated 1:1 HNO 3 and then several times with Milli-Q water to prevent accidental contamination. Prior to analysis, solutions were thermostated at 20.0±0.5°C and de-aerated with MilliQ-water-saturated pure nitrogen for 5 min. During the experiments, solutions were kept under a nitrogen blanket. During the purge step, solutions were stirred with a Teflon-coated magnetic stirring bar.
For Cu(II), Pb(II), Cd(II) and Zn(II), ET-AAS measurements were performed using a Perkin-Elmer Mod. A-Analyst 100 Atomic Absorption Spectrometer equipped with a deuterium background corrector, an AS-72 autosampler, and an HGA 800 graphite furnace. Single-element Lumina (Perkin-Elmer, USA) hollowcathode lamps were used. All measurements were carried out once the relative ashing and atomization curves had been set up for each element considered [34] .
Using a Perkin-Elmer Mod. FIAS-100, mercury(II) was determined by CV-AAS, carried out in recirculation mode [34] and using stannous chloride as a reducing agent [Hg(II) → Hg(0)]. The absorption wavelength was fixed at 253.7 nm and the spectral band-width at 0.7 nm.
The experimental spectroscopic conditions relevant to Cu(II), Pb(II), Cd(II), Zn(II) are reported in Table 2 .
Reagents and reference solutions
All chemicals were suprapure grade (Merck, Germany). Water was demineralized through a Milli-Q system. Acidic stock metal solutions (1000 mg L -1 , Merck, Darmstadt, Germany) were employed to prepare reference solutions. A special treatment was applied to K 2 Cr 2 O 7 to render it virtually mercury-free: the salt was heated at 350°C for 4 days, then the temperature was raised to 410°C and the mass kept melted for 24 h. The solidified salt was granulated and homogenized by corundum ball-milling. The reducing agent SnCl 2 •2H 2 O was dissolved in 10% (w/w) H 2 SO 4 to give a 25 % (w/w) solution, which was bubbled with N 2 for 20 min to strip away any residual Hg and O 2 .
Spinach Leaves NIST-SRM 1570a, Tomato Leaves NIST-SRM 1573a and Apple Leaves NIST-SRM 1515 were employed as standard reference materials to optimize and defined the analytical procedure.
Sample preparation
To solubilise vegetable matrices, an HNO 3 -HCl-H 2 SO 4 acidic mixture was employed.
Approximately 1.0 g of vegetable matrices was accurately weighed into a Pyrex digestion tube calibrated at 25 mL and connected to a Vigreux column condenser together with 3 mL 69% (w/w) HNO 3 + 2 mL 37% (w/w) HCl + 5 mL of 96% (w/w) H 2 SO 4 . The tube was inserted into the cold home-made block digester, the temperature was gradually raised to 150°C and this final temperature was maintained for the whole mineralization time (2 h). After cooling, the digest was filtered through Whatman N. 541 filter paper and evaporated to dryness; soluble salts were dissolved in 50 mL of the supporting electrolyte employed (0.01 mol L -1 EDTA-Na 2 + 0.06 mol L -1 NaCl + 2.0 mol L -1 HClO 4 ). The supporting electrolyte composition was chosen on the basis of a previous study [35] in which it was shown that: 1) the supporting electrolyte employed in the present work allowed high sensitivity in the determination of the five elements and, especially, 2) the presence of EDTA-Na 2 allowed a higher separation of Hg(II) and Cu(II) voltammetric peaks, and consequently fewer interference problems due to voltammetric peak overlapping (see section 3.1.1 "Interference").
For the spectroscopic determination of Hg(II), a different sample preparation procedure was followed [36] . Approximately 1.0 g of vegetable matrices was accurately weighed and transferred into a Pyrex digestion tube together with 1.2 g K 2 Cr 2 O 7 and 20 mL H 2 O. A condenser was connected to the digestion tube and 20 mL of 96% (w/w) H 2 SO 4 were slowly added. The digestion tube was transferred to the heat block preheated to 180°C and digestion was allowed to proceed for 60 min to completion. After cooling to room temperature, the condenser was removed, rinsed with three 5-mL portions of H 2 O, and the washings were added to the digested matter. The open digestion tube, without the condenser, was returned to the heat block and boiled for an additional 30 min. Finally, after cooling, the digested solution was diluted to 50 mL.
Total voltammetric analytical procedure
The total analytical procedure, from sample preparation to instrumental determination, has been defined and optimized employing standard reference materials (see section 3.2 "Quality Control and Quality Assessment").
As regards strictly the instrumental voltammetric determination, the procedure involves two steps in succession.
Sample aliquots of 10 mL of 0.01 mol L -1 EDTA-Na 2 + 0.06 mol L -1 NaCl + 2.0 mol L -1 HClO 4 aqueous reference solution, or of solutions obtained by mineralisation of either the standard reference material or the real samples, were pipetted into the two voltammetric cells, assembled as previously described (see section 2.1), and de-aerated for 5 min by bubbling water-saturated pure nitrogen. The square wave anodic stripping voltammetric determinations of Hg(II)-Cu(II) and of Cu(II)-Pb(II)-Cd(II)-Zn(II) were carried out using, respectively, a gold electrode (GE) and a hanging mercury drop electrode (HMDE) as working electrodes (Table 1) .
The employment of two electrodes was a compulsory choice, since the reversibility of the electrodic process at the gold electrode [especially for Pb(II), Cd(II) and Zn(II)] is decidedly low.
Evidently, this fact has repercussions on the shape of the voltammetric peaks, which appear to be illdefined and may even be absent at ultra-trace levels with currents notably lower and half peak widths (w 1/2 ) much greater than the theoretical values (90.6/n mV) of reversibility (see Table 4 ).
For this reason it was decided that two electrodes be used, in order to have greater sensitivity and also fewer problems of mutual signal interference due to peak overlapping.
On the contrary, for Cu(II), reversibility of the electrodic process is good on both GE or HMDE and they can both be used equally well as working electrodes.
Data processing
In both the case of voltammetric measurements and of spectroscopic measurements, for each metal to be determined, five standard-addition straight-lines were created by linear regression. For each standard-addition line, five additions were performed. For each addition, triple replicate voltammetric acquisitions were carried out.
For each regression line, a different aliquot of the sample was analysed; then the five extrapolated concentration values were used to calculate the average concentration. In other words, the determined concentration for each metal is the result of five independent determinations.
The use of the standard-addition method was necessary because a strong matrix effect had been observed: sensitivity in the case of the external standard method, based on the regression straight-line to be used for interpolation, was found to be significantly different (significance level 5%) with respect to sensitivity of the standard-addition straight-line. The matrix effect affected both voltammetric and spectroscopic measurements.
Confidence level was 95% in statistical calculations relevant to confidence intervals, while a confidence level of 99.9% was adopted in calculations relevant to limits of detection and to significance tests. For the sake of detailed comparison among the LOD values obtained, limits of detection are reported with two significant figures.
Results and discussion
Aqueous reference solutions
The voltammetric determinations of Hg(II) and Cu(II) on GE, and of Cu(II), Pb(II), Cd(II), Zn(II) on HDME were first set up employing the relevant aqueous reference solutions [the blank concentrations for all elements were lower than the respective limits of detection (LOD), expressed according to IUPAC [37] (K=3), and calculated on 10 blank signals].
The analytical calibration functions of each individual element were determined in the aqueous reference solutions. In the concentration range investigated, a linear ip vs. metal concentration relationship was found for each individual element. In all cases the determination coefficients were good (r 2 > 0.9989). Table 3 reports experimental peak potentials of each element in the aqueous reference solutions and in the standard reference material solutions.
Interference
In the commonly used supporting electrolytes, reduction peak potentials of each metal are often quite close, thus hindering simultaneous voltammetric determination of neighbouring elements. However, it is well-known that the problems of interference are fundamentally linked to two aspects: a) the concentration ratios between the two neighbouring elements [38, 39] , and b) the electrodic process reversibility, which affects either the voltammetric current or voltammetric peak shape [40] [41] [42] [43] .
In the specific case of voltammetric determination of Hg(II) at the GE electrode, the most important interferent, qualitatively investigated by Hatle [44] , appears to be Cu(II). We partially disagree with the data reported by Hatle [44] , which affirm that Cu(II) does not interfere at concentrations lower than 10 mg L -1 . In fact, interference is strictly linked to (Table 3) , both elements can be quantified at the GE electrode without difficulty (Fig. 1a) . Fig. 1b (Fig. 2) . In this case, Cu(II) can be determined with a HMDE electrode which does not present any problem of interference with Pb(II), Cd(II) or Zn(II) because the metal voltammetric peaks are separated enough.
As previously highlighted, the problem of interference is also strictly linked to electrodic process reversibility, which is known to affect w 1/2 [40] [41] [42] [43] . Generally, independently of concentration, reversible electrodic processes should have w 1/2 values of about 90.6/n mV at 20°C, where n is the number of electrons involved in the electrodic process. The lower the electrodic process reversibility, the higher the w 1/2 , and consequently the greater the possibility of peak overlapping if the voltammetric peaks are not separated enough. Table 4 reports the w 1/2 data for Hg(II), Cu(II), and Cu(II), Pb(II), Cd(II), Zn(II) at GE and HMDE electrodes, relevant either to the aqueous reference solutions or the standard reference materials.
Even if the w 1/2 data provide only qualitative information regarding electrodic process reversibility, 0.01 mol L -1 EDTA-Na 2 + 0.06 mol L -1 NaCl + 2.0 mol L -1 HClO 4 appears to be a good supporting electrolyte. Indeed, in this supporting electrolyte Hg(II) and Cu(II) at GE, and Cu(II), Pb(II), Cd(II) and Zn(II) at HMDE all show w 1/2 data close to theoretical values.
A second kind of interference may arise from eventual formation of intermetallic compounds that may build up on the mercury drop of the HMDE electrode during the electrolysis step. This problem was carefully evaluated during the experimental phase of the work. In fact, as widely reported in literature [43] , the formation of intermetallic compounds is problematic especially for mercury film electrodes, though much less frequently in the case of hanging mercury drop electrodes. For this reason, in order to verify if this problem was present, two experimental data were considered: 1) the absence in the voltammograms relevant to the simultaneous determination of Cu(II), Pb(II), Cd(II) and Zn(II) (see Figs. 1b and 3b ) of anomalous signals attributed to the intermetallic compounds that may be formed, and 2) the use of standard reference materials. Thus, the absence of anomalous signals in the voltammograms and the simultaneous good accuracy and precision of the method from the use of standard reference materials may reasonably exclude the presence and the formation of intermetallic compounds.
Quality control and quality assessment
Standard reference materials: precision and trueness
Standard reference materials -Spinach Leaves NIST-SRM 1570a, Tomato Leaves NIST-SRM 1573a and Apple Leaves NIST-SRM 1515 (from National Institute of Standards and Technology, Gaithersburg, MD, USA) -were used to validate the analytical procedure, determining its accuracy (Table 5) . Under the experimental conditions employed, precision in terms of repeatability [37] , expressed as relative standard deviation (s r %) of five independent determinations, was lower than 5% in all cases. Accuracy, expressed as relative error (e %), was generally on the order of 4-7%. Hence accuracy was satisfactory. Data quantifying accuracy relevant to the spectroscopic measurements are reported in Table 5 .
Detection limits
In the aqueous reference solution and in the solutions obtained by digestion of standard reference materials, limits of detection (LOD) for both techniques (Table 6) were obtained by applying the equation LOD=(K s y/x )/b [45] , where s y/x and b are the estimated regression standard deviation and slope of the relevant analytical calibration function, respectively. K = 3 was chosen in order to obtain a confidence level of 99.9% [37] . In the case of the voltammetric technique, analytical calibration functions were determined by the standard addition method, so it was possible to directly obtain LODs even in the case of real matrices (Table 6 ). Table 1 and section 2.1. Table 1 and section 2.1.
Comparison between voltammetric and spectroscopic measurements
To validate the voltammetric analytical procedure proposed, metal concentrations were also determined by cold vapour and electrothermal atomic absorption spectrometry. The voltammetric and spectroscopic results are reported, respectively, in Tables 5 and 7 . Good agreement was found both in the case of the standard reference materials and the commercial vegetables: the differences were generally lower than 7% in all cases.
The two techniques can also be compared from the analytical and instrumental parameters point of view (Table 8) . As for precision, accuracy and detection limits, results obtained with the two techniques were in all cases good and comparable. The two techniques are then equivalent, although voltammetry is better than atomic absorption spectroscopy in that, in most cases, it allows for simultaneous metal determination. Only when the concentration ratios between two neighbouring metals is unfavourable, i.e., too high (see the case of Fig. 2) , does the determination become impossible.
As a result of the quality-control procedures reported here, a high performance voltammetric procedure to analyze trace toxic metals in vegetables, and thus check the quality of foodstuffs, has been defined and validated by comparison with the previously assessed atomic absorption spectroscopic methods. Being less expensive, simpler and faster, the new method is to be preferred over spectroscopic methods, and generally permits simultaneous determination of the toxic metals taken into account here.
Practical applications
Once the procedures for determination of Hg(II), Cu(II), Pb(II), Cd(II), Zn(II) in standard reference materials were defined, the methods were transferred to vegetables. Spinach (Spinacia oleracea), lettuce (Lactuca sativa) and tomato (Solanum lycopersicum) samples sold on the market were analysed.
To prepare real samples for voltammetric and spectroscopic analyses, each vegetable sample was split into two aliquots; one was accurately washed many times using Milli-Q deionised water, the other one kept as such. Then all samples, washed and unwashed, were Table 7 . Experimental conditions: see Table 1 and section 2.1. 
Hg(II)
Cu ( 
Voltammetry Spectroscopy
Sample mineralisation Yes Yes
Time of sample preparation (h) 2.5-3.0 2.5-3.0
Matrix modifier No Yes
Simultaneous determination Yes No
[a]
Signal interference Possible No
Accuracy (e, %) Generally < 6 Generally < 6
Precision (s r , %) Generally < 6 Generally < 6 lyophilised, powdered, homogenised, dried at 80°C for 24h and solubilised for the analyses as described above (see section 2.3 "Sample Preparation").
Equipment cost
Experimental results relevant to three kinds of commercial vegetables are reported in Table 7 , while, by way of example, Fig. 3 shows the square wave anodic stripping voltammograms of Hg(II) and Cu(II) (Fig. 3a) , and of Cu(II), Pb(II), Cd(II), Zn(II) (Fig.3b) , respectively, at GE and HMDE for the spinach sample.
Based on these results, it is not possible to discriminate between the metal content fractions ascribed to practices prior to harvest, and the metal content due to environmental pollution. In fact, specific aspects relevant to this issue would require further surveys, which are beyond the scope of the present work. However, a qualitative consideration can be made: a comparison of results obtained with washed and unwashed vegetables indicates that, in the unwashed vegetables, the high concentrations may be reasonably ascribed to both atmospheric environmental pollution caused by anthropic activities [Pb(II) and Cd(II)] and concomitant, frequent spraying of agricultural pesticides prior to harvest [Hg(II), Cu(II) and Zn(II)].
Though legislative and environmental aspects may be beyond the aim of this study, a brief comment should be made regarding comparison with legally set quantities. Based on current European Community law, this comparison is only possible for lead and cadmium. Nevertheless, in all cases, the metal concentrations detected appeared to be higher than the legal limit. It is important that the European legislation be updated in a more precise, clear-cut manner, increasing the number of toxic metals covered. This will ensure agricultural products of higher quality and greater food safety.
Conclusions and perspectives
This work has hit three main targets.
-A very sensitive and low-cost analytical procedure for the simultaneous voltammetric determination of trace metals in vegetable matrices has been set up. This allows to check the quality of this alimentary category.
-The procedure has been validated by comparison with atomic absorption spectrometry, and the advantage relevant to possible simultaneous determination even in the case of high concentration ratios between neighbouring elements (copper(II) and mercury(II)) has also been shown.
-Useful analytical data on metal concentrations in vegetables have been collected. The new method has been employed for the creation of a data-base for the metal content in vegetables sold on the market.
In perspective, the method could be enhanced by chemometrics, such as applying multivariate Partial Least Squares Calibration to the whole voltammogram instead of univariately sampling it at a specific potential. Eventual design of a portable instrument based on multivariate data processing could be attempted. Work is in progress in these directions.
